INTRODUCTION
Coalescence of drops of an identical liquid over a solid surface is seen in many applications such as dropwise condensation and liquid spray deposition. The complexity of the process arises from the creation of new interfaces, the three-phase contact line, and the indirect but central role of surface texture or physico-chemical morphology. The dynamics of coalescence is dependent on a number of parameters, including thermophysical properties of the merging liquids and the nature of the surface on which coalescence takes place. These factors, combined with the three-phase contact line motion, determine the associated timescales and the instantaneous shapes of the interface acquired by the coalescing drops. Contrary to the well-accepted condition of no-slip at the solid-fluid interface, the three-phase contact line slips over the surface. Slipping is a microscale phenomenon and can only be empirically treated in continuum models (Lauga et al., 2005) . A single universal contact line model for all flow configurations is not available (Sui et al., 2014) . For this reason, numerical simulation of coalescence requires close and careful validation against experiments.
One of the recent challenges in the area of coalescence is the prediction of recoiling of drops on superhydrophobic surfaces. Drops can bounce off a superhydrophobic surface on coalescence if the excess surface energy released after merger is enough to overcome gravity. Several authors have reported recoiling of drops with various initial configurations that include sessile drops placed side by side and single drops falling from a height, the latter having significant initial momentum. Yue et al. (2007) studied the effect of Cahn-Hilliard diffusion on mass conservation when using the phase-field model for a moving two-phase interface. Mass loss was negligible for small capillary widths. On a computational combined droplet after merger domain, a lower limit of resolution was attained in the critical radius r c and the capillary width. When the limit was reached, the simulated drop progressively shrank in size. Pan et al. (2008) studied merging and bouncing in head-on collision of binary droplets. The authors used two liquid streams of drops to generate drops of uniform and controllable size and spacing via collisions. The temporal stability of the droplet was ensured using the inkjet printing technique where a piezoelectric crystal actuated flow in glass nozzles at the required inclination. The drops were introduced from opposing nozzles in a horizontal plane and the spacing suitably adjusted. The bridge between the merging drops evolved with time and surface energy attained a maximum value at maximum deformation. Bouncing of drops was observed in a few of the coalescence events at We = 2.26. In view of the initial drop deformation, bouncing was more energetic, which in turn led to greater viscous dissipation. Thus, the excess surface energy of the drops eventually got diminished in the process due to dissipation. Rayssat et al. (2008) studied the impalement of Fakir drops. The hydrophobic surface was composed of a regular array of micro-pillars. The drop was positioned on the pillars during the early part of evaporation, thus experiencing a Fakir state. The contact angle was higher and the hysteresis lower, thus indicating higher surface energy than the Wenzel state. During evaporation, a transition to the Wenzel state was observed and was related to the change in the surface energy with respect to the drop size. Wang et al. (2008) studied head-on collision of liquid droplets, one placed vertically above the other. The outcome of collision in the form of complete coalescence or complete rebound was seen to depend on the velocity of the impinging drop. Contact time decreased with velocity, with complete rebound for a pure water droplet for an impacting velocity of 0.283 m/s and We = 1.47. Boreyko et al. (2009) studied dropwise condensation of water on super-hydrophobic surfaces. The authors observed three stages during dropwise condensation, namely, initial independent growth of drops, immobile coalescence, and mobile coalescence. Growth of a condensation nucleus from embryo to a fully evolved form was observed in the first stage. Mobile coalescence was observed in the second case where the gap between adjacent drops became very small. The jumping of drops out-of-plane or the slide off on the surface was seen to be driven by surface energy released during coalescence. The combined drop was driven away in the third stage when it acquired a critical volume. The critical diameter of the drop which led to jumping from the substrate was measured to be around 10 µm. The jumping velocity was found to be more dominant than its lateral velocity.
Real interfaces have a thickness in the range of nanometers and resolving Cahn-Hilliard diffusion within this thickness limit is computationally intractable. Yue et al. (2010) studied numerically the sharp interface limit in the Cahn-Hilliard model. The limit was reached when ε < 4l D , where ε is the capillary width of the interface and l D is the diffusion length. Boreyko et al. (2010) introduced two drops from opposing synchronized gates on a superhydrophobic surface. The liquid bridge was formed well above the surface due to a high contact angle. The liquid bridge evolved during coalescence and gave rise to jumping of the drops above the surface. Richard et al. (2002) studied the contact time of a bouncing drop on a supehydrophobic surface. The drop was impinged on the surface and the contact time was measured using a high speed imaging. The authors observed that the deformation of the drop was dependent on impact velocity and radius. The contact time was observed to be in the range of 1-10 µs. Crick et al. (2011) revealed surface hydrophobicity using the bouncing of water droplets. With B, the number of bounces and θ the static contact angle, a linear relationship of the form B = (θ -151)/2.4 was established. The frequency of bouncing diminished in pinning dominated surfaces. Zhao et al. (2011) studied the transition between coalescence and bouncing of droplets when a drop is impinged on a liquid pool. The impinging drop merged with the liquid pool due to inertia in the coalescence regime. In the bouncing regime, the droplet and the liquid pool were seen to undergo deformation, the drop having the greatest bounce at the greatest deformation. The outcome of impingement in the form of coalescence or bouncing was a function of the droplet velocity. Wang et al. (2011) analytically studied the selfpropulsion of drops during coalescence on a superhydrophobic surface. One drop was kept stationary while another was brought in contact with it to ensure coalescence. With increasing initial diameter, the coalescence-induced velocity was first seen to increase to a maximum and then decrease progressively, the maximum velocity being realized for a drop of diameter around 100 µm. Self-propelled behavior was observed when the initial surface energy exceeded viscous dissipation and the gravitational potential energy. Mertaniemi et al. (2012) studied rebound during dropletdroplet collisions on superhydrophobic surfaces. One drop was kept stationary on a substrate and the second drop was brought closer to collide with the stationary one. The outcome of the collision in the form of coalescence or bouncing was decided by the magnitude of the Weber number We and the projection of the separation distance between the droplet centers in the plane normal to the velocity of the impacting droplet. The authors observed bouncing for We > 1.8. Lv et al. (2015) studied the departure of condensation droplets of water on a horizontal superhydrophobic surface. The surface was maintained at 10
• C to facilitate condensation from a moist ambient while the room temperature was 29
• C. Growth in the drop size was observed in the first stage. The reduction in the gap between adjacent drops led to coalescence. Some of the coalescence events triggered the bouncing of a droplet. Coalescence occurred once again when the falling droplet touched the substrate. Detachment was found to be easier for coalescence of multiple droplets. The kinetic energy required to move the drop was derived from the initial combined surface energy of the merging drops. The critical diameter required for jumping over the substrate was seen to be inversely proportional to the number of merged drops. Pashos et al. (2015) proposed a modified phase-field method to find the equilibrium wetting states of a droplet-pillar system with three immiscible phases and an axisymmetric pillar. Nam et al. (2015) numerically studied drop coalescence on a water-repellent surface. Two sessile drops of equal volume were kept adjacent to each other in a computational domain. Contact line relaxation was modeled using damped harmonic oscillations. The level set method was used to study the evolution of the interface during coalescence. The amount of surface energy released during footprint oscillations increased with reduction in base area. The released surface energy triggered jumping in the computational domain for some of the coalescence events.
The possibility of liquid drops bouncing off a superhydrophobic surface on coalescence is of considerable interest in a variety of applications. The merger process is complicated mainly due to the simultaneous appearance of surface, body, and viscous forces, apart from the acceleration of the fluid mass. From a mathematical viewpoint, the difficulty arises from the changing shape of the liquid mass and interrupted contact with the solid surface. From a modeling perspective, the boundary condition at the three-phase contact line is one involving the highest uncertainty. The present work is aimed at understanding the recoil of the combined drop formed after the coalescence of a pair of drops. One of the drops is stationary and sits on a horizontal superhydrophobic surface. The second is placed above and just touches the first, ensuring the initial Weber number to be zero. The coalescence process is studied numerically and from visualization experiments to understand the recoiling phenomenon from the point-of-view of excess surface energy. The specific goals of the study are to (i) examine drop shapes that emerge during the coalescence of two drops, one placed vertically above the other, and (ii) study the energetics of the recoil process of the coalesced drop from the surface, during the transience after coalescence to the progress and attainment of equilibrium.
PROBLEM DESCRIPTION AND NUMERICAL SIMULATION
The initial configuration of drops considered for the study includes a stationary sessile drop of radius R 1 , under equilibrium on a superhydrophobic surface and a second spherical drop of radius R 2 , just touching it from the top, as shown in Fig. 1(a) . The two liquid drops are placed within a cylindrical computational domain, as shown. The sizes of the drops are selected so as to keep the Bond number of the combined volume of drops as constant, the working fluid being pure water. Thermophysical properties of water under room temperature conditions of 298 K and 1 atm used for simulations are the following: density ρ = 998.8 kg/m 3 , dynamic viscosity µ = 8.9 × 10 −4 Pa s and, surface tension σ = 0.072 N/m. Depending on the respective droplet sizes (R * = R 1 /R 2 ), three situations are possible, as qualitatively shown in Figs. 1(a)-1(c). Initial drop volumes for various Bond numbers and radius ratios and the corresponding internal pressures and pressure differences are presented in Table 1 .
The initial internal pressure inside the droplets is a function of their respective drop radii. The sign of the initial pressure difference and its variation with radius ratio is of importance in interpreting the merger images and the recoil Initial volumes used in simulation, the total volume being 30 µl corresponding to a Bond number of 0.5; suffix "1" represents the drop placed on the substrate, while "2" is the one above data. When the smaller drop is above (R * > 1), its internal pressure is greater than that of the lower drop and the initial pressure difference, combined with the gravitational weight of the liquid can delay recoil. In the reverse case (R * < 1), the pressure difference opposes gravity and recoil is encouraged. For equal volumes, the initial pressure difference between the two drops is zero but the coalescence dynamics is driven by the formation of the bridge. In all three configurations, the fluid acquires large initial velocities immediately after coalescence, distorting the internal pressure field, and hence continuously creating new interface shapes in the transience leading to equilibrium. Figure 2 shows the physical asymptotic limits of the problem, wherein two extreme cases, R * → 0 and R * → ∞, are depicted. With a vanishing value of R 1 , the problem converges to one of classical spreading of an initially sessile spherical droplet on a substrate with zero Weber number. With a vanishing value of R 2 , the problem approaches a near-equilibrium static droplet. In the present study, the energetics of the two-droplet system lying in between these two asymptotic limits has been studied for post-coalescence dynamics, which includes the possibility of recoil from the surface under specific conditions.
FIG. 2: Asymptotic limits of the radius ratio R
* for a pair of drops with fixed combined volume.
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The numerical simulation of coalescence has been carried out in COMSOL c ⃝ , a commercial finite element solver. The problem has been geometrically set up in a 2D axisymmetric coordinate system. Various mesh configurations have been considered to validate grid independence and ensure mass balance. Interface treatment is simulated by employing the in-built phase-field method, which uses the incompressible form of Navier-Stokes equations [Eqs. (1), (2)]. The solver uses the Cahn-Hilliard contact line model [Eqs. (3) , (4)] coupled with the Navier-Stokes equations (Yue et al., 2010; Donaldson et al., 2011) to advance the evolving drop shapes.
Two-phase flow simulations are susceptible to mass loss that depends strongly on the relative dimensions of the liquid and the gaseous fractions in the computational domain (Yue et al., 2007) . Hence, mass balance studies have been independently carried out during simulations. Grid independence is examined for three different mesh configurations. Results are presented for the drop shape, wall spreading radius, and the average wall shear stress.
Bond numbers considered are 0.38 and 0.5 and the combined drop volume in terms of an effective radius L is determined from the following equation:
Here, L = R 3 is the combined drop radius and ∆ρ is the density difference between water and air. For Bo = 0.38, the combined drop volume is 19.5 µl and for Bo = 0.5, it is 30 µl. Simulations were carried out by varying the radius ratio (R 1 /R 2 ) for each Bond number and total volume. The applicable boundary conditions for the numerical simulation are also shown in Fig. 1 . The lower surface is the no-slip wall whose texture is characterized by the contact angle. Results have been presented for a contact angle of θ = 150
• . The side and the top boundaries are open and placed sufficiently far away from the drops. Air movement is freely permitted on these surfaces.
Grid Independence and Validation
Since the numerical simulation was carried out using a commercial solver, code validation is not discussed. However, a grid independence study is necessary, particularly when multiple phases are involved. Furthermore, mass conservation of the liquid phase is to be ensured within a small tolerance. It is known from the literature that Cahn-Hilliard dynamics is susceptible to mass loss due to interfacial diffusion of the phase-field variable (Yue et al., 2007) . This difficulty can be circumvented by increasing the mesh density.
Grid independence studies are summarized in Fig. 3 for three levels of refinement. The data for both Bond numbers are seen to have converged for the footprint radius as a function of time and the wall shear stress. The loss of mass, represented in terms of the total liquid volume, is uniformly below 0.01%, except around a time instant of 10 ms when it rises to around 4%. This is also the instant of drop recoil. In subsequent discussions, the finest mesh size in Fig. 3 is used for presenting the simulation data. A visual inspection of drop coalescence showed identical shapes on the three meshes. The footprint of the drop on the substrate reduces to zero when the combined drop gets lifted from the substrate. The small but finite wall shear stress during drop recoil is related to air motion over the surface. The sharp negative peak in wall shear stress occurs after recoil, when the combined drops fall by gravity and impact the surface. The wall shear stress is smaller at later times and continuously diminishes to zero, as the coalesced droplet attains equilibrium in the sessile configuration.
FIG. 3:
Grid independence test for in terms of the combined drop volume (a-b); footprint radius (c-d); and wall shear stress (e-f) for Bo = 0.38 (left column) and 0.5 (right), respectively.
EXPERIMENTAL IMAGING OF COALESCENCE AND RECOIL
The core of the experimental apparatus is a hydraulic system consisting of two syringes and a high-precision syringe pump (Fig. 4) . The syringe pump dispenses small amounts of water in micro-liters (µl), as required to create the individual drops. The pump is programmable in terms of rate of flow as well as the total volume. One of the syringes was rigidly and carefully positioned over the hydrophobic surface with an adequate support. A provision in the support
FIG. 4:
Schematic drawing of the experimental setup with illumination for imaging coalescence of two drops, one placed vertically above the other.
allowed fine vertical movement with the help of a precision micro-metering base. The syringe needles were of 0.5, 0.8, and 1.7 mm internal diameter, corresponding to small, medium, and large drops. The two drops were slowly placed one over the other in a sequence to ensure that static conditions were realized prior to coalescence. In this respect, the first drop was allowed to spread and reach its equilibrium configuration first. The second drop was then created at the tip of the needle, before being placed over the first.
A diffused white light source was used to illuminate the coalescence process. A high-speed camera (Photron R ⃝ FASTCAM SA-3 @ 2000 fps) was positioned on the other side of the light source, with its focal plane passing through the vertical mid-plane of the drops. The experiment was tested for repeatability in the size of the drops, and was found to be well within limits, both in terms of shapes realized and the timescales. The short time recoil event was unambiguously recorded in all the experiments. The camera was triggered when the fully formed droplet detached from the needle. Imaging stopped when finally, the coalesced drop became practically stationary. The video sequence was recorded at 1/2000 shutter speed and 2000 fps. Thus, the time interval between successive video frames is 0.5 ms. Formally, this time interval can also be assigned as uncertainty in the time measurement discussed in Section 5. The contact angle and the drop volumes were calculated from the images via the image processing tools available in MATLAB c ⃝ .
Surface Preparation
The substrate, made of copper, was first polished using a high-grade grinding wheel. It was cleaned with a neutral liquid detergent (Labolene -Fisher Scientific) and flushed with ethanol and deionized water. The cleaned copper substrate was immersed in an etching reagent consisting of 0.01 mol/liter of Ag(NO) 3 for 20 s. The coated substrate was then immersed in a reagent consisting of 1 mmol/liter of CH 3 (CH 2 ) 7 CH 2 CH 2 SH in CH 2 Cl 2 for 5 min. The surface preparation procedure described here is adapted from Larmour et al. (2007) and was found to leave the substrate hydrophobic with static, advancing, and receding contact angles of 150±2
• , 160±2
• and 140±2
• , respectively. There are other methods such as coating a solid substrate with a vapor mixture. Schnell (1956) studied the slippage of water over non-wettable surface and the experiments were done using glass capillaries. Glass surface was made water repellent by treating with the vapors of dimethyldichlorosilane. The method adapted in the present work for making surfaces hydrophobic was preferred over other methods because of the stability of coating layer and its higher contact angles.
RESULTS AND DISCUSSION
Results are presented here in three subsections. In the first, snapshots of the experimentally recorded coalescence process are compared with the numerical simulation. Bond numbers of 0.38 and 0.5 are studied. Simulations and experiments have been carried out at a contact angle of 150
• and three radius ratios (R * = R 1 /R 2 ) of 0.62, 0.98, and 1.71. In the second subsection, the recoil height of the merged drop is numerically studied in terms of energies as a function of the radius ratio for an equilibrium contact angle of 150
• .
Comparison of the Experimental Images with Numerical Simulation
The shapes acquired by the merging drops recorded in experiments and from numerical simulation are compared in Figs. 5-8. The pairs of figures refer to early time (0-9 ms) and late time (10-19 ms) for a given Bond number and radius ratio. In Fig. 5 , the Bond number is 0.38 and nearly equal volume drops are imaged [R * = 0.98; shown qualitatively in Fig. 1(a) ]. In Fig. 6 , the Bond number is higher, indicating that the total volume of the drop is higher, while the radius ratio is R * = 0.62 [shown qualitatively in Fig. 1(b) ]. The configuration is one where a larger drop sits initially over the one of smaller diameter. Figure 7 is for nearly equal volume drops (R * = 0.98) at a higher Bond number of 0.5. The drops are visibly larger here. Figure 8 is for Bo = 0.5 and a radius ratio of 1.71 [shown qualitatively in Fig. 1(c) ], indicating a small drop placed above one of larger diameter. Images of drop spreading beyond 20 ms are not shown since these correspond to classical spreading of a single drop over a textured surface. In all simulations and experiments, the instant of maximum recoil was contained within 20 ms and could be recorded.
There are points of difference between numerical simulation and experiments that should be considered before the two sets of data are compared. Simulation is axisymmetric and the data presented are over the mid-plane of the drops. In experiments, the coalescence process is three-dimensional and the images recorded are projections of the merging drops. In addition, the drops attained out-of-plane movement that is not considered in the simulation. A complete match in terms of time instants is also not possible, as can be seen from the corresponding time stamps on images in Figs. 5-8. This is because the experimental process is delayed by surface inhomogeneities and mild pinning. These details are being neglected in the present discussion since the focus is entirely on the possibility of drop recoil from the solid wall.
Following the initial drop-to-drop contact, Fig. 5 shows bridge formation at the first time instant in both simulation and experiments. The drop above grows to a larger size, indicating a vertically upward velocity in the liquid. In time, the direction of velocity is reversed and the lower drop is seen to have enlarged. The footprint progressively becomes smaller, thus diminishing the surface reaction. Around a time instant of 5 ms (in both experiments and simulations), the footprint radius becomes negligible and the drop starts to recoil upward from the surface. The drop reaches its highest position from the substrate at around 8 ms (10 ms in experiments). This sequence of events can be seen in the simulation as well as experiments, the latter showing some time lag building up in successive stages of the transience. Eventually, the drop falls down on the substrate. There are no subsequent bounces and the drop starts to spread over the surface, attaining equilibrium after dissipating its remaining energy via viscous dissipation. Similar qualitative behavior is obtained for other cases also (Figs. 6-8) , with a different degree of recoil height, the energy interactions of which are discussed next.
Time Instants of Maximum Recoil
The merged drop is taken to have reached the highest point when its centroid has moved to an extreme position in the vertical direction. The position of the centroid is determined using image processing tools in MATLAB c ⃝ . Images of the combined drop at the instant of maximum recoil, obtained from numerical simulation, are shown in Fig. 9 for various radius ratios when the Bond number is 0.5. The time instant when the highest position is reached is also shown in the individual frames. Recoil is seen for R * as small as 0.25 and the trend continues well up to R * = 1.3. Slight recoil was also seen for R * = 1.8, after which there was no recoil. Figure 9 shows that the time instant of recoil progressively increases with the radius ratio.
For small initial volumes of the lower drop, the initial pressure difference arising from capillarity is vertically upward. The smaller drop is apparently drawn upward, merging with the larger drop. Here, the recoil is manifested with the rapid motion of the lower drop. At the limiting radius ratio of R * = 1.8, the surface energy released in the coalescence process is not high enough to lift the bulk of liquid against gravity. Greater viscous dissipation of kinetic energy at the larger drop footprint and the three-phase contact line contribute to holding down the drop. The comparatively larger gravitational force also tends to stabilize the drop toward static equilibrium. At intermediate radius ratios, surface, body, and inertia forces are present in equal measure. Hence, recoil height and the recoil instant are jointly affected, varying continuously with the radius ratio, which is analyzed next.
Surface Energy Analysis
With a reasonably good match obtained between the simulations and the corresponding experiments, additional simulations were carried out for various radius ratios (R 1 /R 2 ) and an equilibrium contact angle of 150
• . Using the simulation data, regimes of bouncing and recoil are investigated from an energy budget perspective.
The extent of recoil is discussed in terms of energy estimates in the present section. The change in gravitational energy of the system can be estimated from the movement of the centroid of the drops, going from the initial configuration (of isolated individual drops) to the final merged drop shape. Similarly, it is possible to determine the reduction in surface energy as two drops combine to form one large entity. Since the surface is strongly hydrophobic, the surface energies can be obtained by approximating the drops as part of a sphere. For the experiments and simulation discussed, Bond number is always less than unity and hence, interfacial forces are predominant. The lowering of gravitational energy and the surface energy will be compensated at intermediate times by the appearance of kinetic energy in the form of a velocity distribution and ultimately by viscous dissipation, when the merged drop eventually comes to rest. Since the recoil height is also recorded by imaging, energy estimates are possible at the instant of highest recoil when the liquid phase velocity is practically zero. On engineered surfaces, inhomogeneities and variation in chemical composition will contribute to pinning, a major source of additional viscous dissipation; this particular aspect cannot be estimated from continuum scale measurements and hence it is not part of the present simulation.
For the surface energy analysis, the following equations are applicable:
Symbols E 1 , E 2 , and E 3 are the surface energies of the droplet placed below, the one placed above it, and the combined value after merger, respectively (see Fig. 1 ). Symbols A 1 , A 2 , and A 3 are the corresponding gas-liquid interfacial surface areas. Symbol σ is the surface tension for the water-air interface at 298 K and 1 atm pressure. Calculation of surface areas of the sessile drop placed below before coalescence and the final drop after coalescence are carried out by considering them as spherical caps and have been formulated as a function of the contact angle θ:
The area A 2 for the full spherical drop placed above is simply calculated as A 2 = 4πR 2 2 . Hence, the relative excess surface energy is defined as
The relative excess energy E * is clearly a function of radius ratio R * = R 1 /R 2 and the contact angle. This dependence of E * on R * is plotted in Fig. 10(a) . The excess surface energy function is seen to be a maximum for a radius ratio around unity; this is true for all contact angles considered here between 110
• and 180
• . A preliminary analysis of flow visualization images show that the recoil is also a maximum for equal volume drops (R 1 ∼ R 2 or R * ∼ 1).
Besides surface tension, the other major forces that control the movement of the bulk of liquid on coalescence are gravity and internal capillary pressure. Though for low Bond numbers, volume is smaller and the effect of gravity is diminished, it is still an important factor as far as recoil of drops from the surface is concerned. Since work must be done against gravity to lift the drop, it is naturally expected that for higher volumes of the drop placed below, the chances of recoil will be lesser. Moreover, the mass content of the smaller drop placed above also flows downward due to higher capillary pressure. Numerical simulation as well as experimental imaging shows recoil for smaller values of R * below unity and no recoil for R * greater than 1.8. The role of the initial capillary pressure difference can be studied along the following lines. This pressure difference is given by
and is zero for equal volume drops. Noting that the pressure difference scales with the derivative of the excess energy function, Fig. 10(b) shows a variation of dE * /dR * as a function of R * , when the Bond number is kept fixed at Bo = 0.5. The plot shows the derivative to be zero at R * = 1, where E * is a maximum. The function attains nullity for R * = 0 and also for large values of R * . Large values of the derivative are seen for R * in the range of 0.25-0.5, where the smaller drop is adjacent to the solid surface. In such cases, the lower drop is at a higher internal pressure and is sucked into the larger drop above, creating a recoil-like effect. The pressure difference is available at small time before any possibility of bridge formation, and hence the moment of highest recoil for small radius ratios is also at small times. This trend is seen systematically in Fig. 8 and can be called the capillary pressure driven regime of droplet recoil.
For radius ratios around unity (R * = 0.5-1.3), the excess surface energy function is large but the initial capillary pressure difference is small. Hence, recoil is not related to the bulk movement of one drop into another. Instead, large velocities are created, the coalesced drop forms a bridge, the instantaneous pressure field is modified, and the footprint shrinks progressively in time. Thus, recoil is delayed but its vertical extent can be greater than at small radius ratios FIG. 10: Plots of variation of (a) relative excess surface energy E * as a function of the radius ratio; (b) derivative of relative excess surface energy as a function of the radius ratio, and (c) ratio of maximum recoil height to the height of the center of mass at time t = 0.
where recoil scales with the smaller drop diameter. At higher radius ratios (R * > 1.3), excess surface energy is small, initial capillary pressure difference is small, velocities generated are small, gravity becomes significant, and ultimately the recoil process is suppressed. This is the gravity-driven regime of droplet recoil.
The variation of recoil height, specifically, the movement of the centroid of the merged drop relative to the initial configuration, is shown in Fig. 10(c) as a function of the radius ratio. The plot derives information from the simulated images of Fig. 9 . A few experimentally derived observations are also shown for comparison. The experimental points fall below the numerical points since the latter does not account for surface inhomogeneity and local pinning, which is a cause of additional dissipation. The match with experiments is fair, though the overall dependence of h on R * is not pronounced. Since recoil is only a weak function of the radius ratio and the average value of the ratio of the recoil height h to initial centroid height is close to unityfor a Bond number of 0.5, one can correlate into the larger. 
Hence, the recoil height h increases with R * . For R * > 1, the slope is large and negative, the reduction being related to the increasing dominance of gravity on the recoil height. Here, the reduction in h with R * can be expected to have a cubic dependence, being related to the drop weight. The configuration of R * = 1 signifies cross-over from the capillary to the gravitational regime. Here, internal pressure difference is initially small, being zero in the approximate estimates of Table 1 . Coalescence is initiated by bridge formation and Fig. 10(c) shows the recoil height to be distinctly large. From simulation, the recoil height for R * = 1 was found to be 1.15. A maximum in the recoil height can also be expected in experiments at this radius ratio.
On each side of the maximum, individual best-fit functions are of the form 0.3 < R 1 R 2 < 1, h = 0.938 + 0.206R * ;
1.6 > R 1 R 2 > 1, h = 0.942 + 0.13 R * 3 ;
R * = 1, h = 1.15
Outside the indicated range, h is zero (no recoil). For a given Bond number, the curve fitting constants in the recoil height correlation will, however, depend on the equilibrium contact angle.
SUMMARY AND CONCLUSIONS
A numerical study of coalescence of water droplets placed one above the other on a superhydrophobic surface, and a related imaging experiment is reported at small Bond numbers. The objective of the study is to examine conditions under which the merged drop recoils from the surface. Recoil has been observed in simulations as well as experiments over a range of radius ratios and Bond number. The following conclusions have been drawn from the present study:
i. The shape of the air-water interface of the merging drop from simulation matches well with experimental images at comparable timescales.
ii. The extent of recoil in simulation is greater than in the experiment. The difference is attributed to model approximations, and surface irregularities, that specifically increase viscous dissipation at the contact line.
iii. An analysis of available energies which manifest the recoil phenomenon shows the following: For the radius ratio in the range R * = 0.25 to 0.5, recoil is a consequence of the initial capillary pressure difference that drives the smaller drop into the larger one above it. Around R * = 1, the difference in surface energies between the initial and final configurations generates large velocities, reduces the footprint, and lifts the combined drop. For R * > 1.8, the weight of the combined drop is quite high, thereby suppressing drop recoil.
